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HIGHLIGHTS 


•  A  novel  safety  strategy  to  avoid  overcharging,  i.e.  solid-state  anti-overcharge  additive,  is  proposed. 

•  The  strategy  can  provide  a  high-potential  and  a  long-period  of  anti-overcharge  performance. 

•  The  effectiveness  of  the  solid-state  anti-overcharge  additives  is  confirmed  in  LiCoO 2/C  and  LiMn204/C  full  cells. 
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Overcharge  safety  is  the  most  crucial  problem  facing  especially  large-sized  lithium-ion  batteries  (LIBs) 
packs  owing  to  the  inevitable  inhomogeneity  of  charge-state  for  each  cell.  We  propose  a  fresh  safety 
strategy  to  avoid  overcharging,  i.e.  the  use  of  a  solid-state  anti-overcharge  additive  to  perform  an 
intrinsic  overcharge  protection.  The  mechanism  is  triggered  from  a  solid-state  composite  cathode  ob¬ 
tained  by  typically  mixing  a  pre-selected  transition-metal  oxide  with  a  certain  cathodes  thus  constituting 
a  composite  cathode.  The  effectiveness  of  this  strategy  is  demonstrated  with  an  example  of  LiCo02/CuO 
(95:5  by  weight)  composite,  which  exhibits  high-potential  (up  to  5  V  vs.  Li+/Li)  and  long-period  (month- 
level)  anti-overcharge  performance.  It  is  found  that  the  additive  does  not  hurt  the  electrochemical 
cycling  performance  under  normal  operational  conditions.  This  novel  safety  strategy  is  simple  and 
flexible,  which  may  open  a  new  window  to  develop  safer  LIBs  systems. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

For  large-scale  applications  of  lithium-ion  batteries  (LIBs)  in  the 
situations  like  solar  or  wind  energy  plants  or  grid  storage,  safety 
will  become  major  criterion  for  the  general  acceptance  of  this 
electrochemical  technology  [1—6].  Overcharge  is  the  most  popular 
and  dangerous  problem  because  it  occurs  particularly  in  large-sized 
LIBs  systems  with  multiple  cells  owing  to  the  inevitable 
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inhomogeneity  of  charge-state  of  individual  component  cells  [7— 
11].  In  the  galvanostatic  mode,  overcharge  leads  to  unwanted 
high-voltages  in  which  truly  serious  consequences  root,  including 
thermal  runaway  [8],  gas  generation  [9],  short-circuits  [10]  and 
ultimately  fire  or  explosion  [11].  Therefore,  the  control  of  voltage- 
runaway  is  key  to  overcome  overcharge  hazards.  As  an  external 
protection,  electronic-circuit  is  commonly  used  but  not  inherently 
reliable  owing  to  occasional  function-failure  thus  leading  to  more 
serious  hazards  [7].  Hence,  an  intrinsic  mechanism  should  be 
developed  to  achieve  more  reliable  overcharge  protection.  The 
currently  established  solution  is  to  use  liquid  electrolyte  additives, 
which  function  through  reversible  oxidation/reduction  starting  at  a 
defined  voltage  slightly  higher  than  the  end-of-charge  voltage  to 
consume  excess  charge  [7,12-15].  However,  such  additives  suited 
for  higher-voltage  cathode  materials  (e.g.  LiNio.5Mn1.5O4  (4.7  V) 
[16],  xLi2Mn03-(l  -  x)LiM02  (above  4.6  V)  [17])  are  very  rare,  and 
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subject  to  numerous  severe  limitations,  including  cost,  electro¬ 
chemical  and  chemical  stability,  compatibility  with  the  battery 
components,  and  especially  definite  solubility  requirement.  These 
shortcomings  significantly  restrict  the  feasibility  of  this 
development. 

Herein,  we  propose  and  confirm  a  novel  safety  strategy  to  avoid 
overcharging,  i.e.  solid-state  anti-overcharge  additives,  an  intrinsic 
overcharge  protection  mechanism  triggered  from  solid-state  com¬ 
posite  cathodes.  These  composite  cathodes  provide  an  appropri¬ 
ately  high  triggering-potential  (up  to  5  V  vs.  Li+/Li)  and  a  long- 
period  (month-level)  of  anti-overcharge  performance.  To  our  best 
knowledge,  this  is  the  first  time  that  such  a  concept  of  cathodes 
providing  intrinsic  overcharge  protection  with  a  good  performance 
has  been  reported.  In  this  study,  the  LiCo02/CuO  composite  is  used 
as  an  example  to  demonstrate  the  fundamental  mechanism. 

2.  Experimental 

2.1.  Materials  and  chemicals 

UC0O2  (Huatian  Co.,  Ltd,  China),  LiMn204  (Jinhe  Co.,  Ltd,  China) 
and  CuO  (Sinopharm  Co.,  Ltd,  China)  were  used  as  raw  materials.  To 
obtain  the  LiCo02/CuO  composite  materials,  the  suspension  con¬ 
taining  dispersed  LiCo02  and  CuO  powder  in  alcohol  was  fully 
stirred  and  dried  to  evaporate  solvent.  For  LiCo02/CuO  materials, 
there  were  four  samples  of  different  CuO  contents:  0%,  5%,  30%  and 
100%  (pure  CuO).  In  addition,  LiMn204/Cu0  (5%CuO)  samples  were 
obtained  through  the  same  solution  mixing  method.  The  above 
composite  materials  were  all  used  as  cathode  (positive)  materials. 
The  cathode  electrode  laminates  were  formed  by  casting  a  mixture 
of  LiCo02/CuO  (or  LiMn204/Cu0),  acetylene  black  and  poly(- 
vinylindene  fluoride)  (PVDF)  (mass  ratio  of  84:8:8)  onto  Al  foil. 
They  were  dried  and  then  punched  into  14  mm  diameter  discs.  The 
electrode  active-substance  loading  was  12-15  mg  (around 
9.8  mg  cm-2)  for  each  electrode  disc.  Lithium  foil  or  graphite 
electrode  was  used  as  the  anode  (negative)  electrode.  The  graphite 
electrode  was  formed  by  casting  a  mixture  of  graphite  and  PVDF 
(mass  ratio  of  92:8)  onto  Cu  foil  then  punched  it  into  14  mm 
diameter  discs.  Battery-grade  electrolyte  (Guotai-Huarong,  1M 
LiPF6  in  ethylene  carbonate/diethyl  carbonate  (EC/DEC,  1:1  by 
mass))  and  polypropylene  separator  film  (Celgard)  were  used  as 
received. 

2.2.  Batteries  fabrication  and  characterization 

Two  kinds  of  cells  were  assembled  in  an  argon-filled  glove  box 
(MBraun  Labmaster  130)  with  1  ppm  H20  and  1  ppm  02  content. 
Electrochemical  performance  tests  were  carried  out  using  CR2032 
coin-type  cells.  The  amount  of  electrolyte  in  each  coin-type  cell  is 
generally  around  0.09  mL  unless  otherwise  noted.  To  monitor  the  gas 
generation,  pressure  measurements  were  performed  using  a 
pressure-container  cell  setup  (MTI  Inc.,  Hefei)  equipped  with  a  pres¬ 
sure  gauge.  In  each  pressure-container  cell,  the  same  cathode  and 
anode  discs  as  coin  cells  were  used,  but  the  amount  of  electrolyte  is 
required  at  around  3  mL.  The  phase  compositions  and  crystal  struc¬ 
tures  were  characterized  by  X-ray  diffraction  (XRD)  (Rigaku  TTR-III,  Cu 
I< a  radiation).  Surface  elemental  composition  analyses  were  deter¬ 
mined  by  energy-dispersive  X-ray  spectroscopy  (EDS)  based  on 
scanning  electron  microscopy  (SEM,  JEOL-6390  LA).  The  content  of  Cu 
element  in  electrolyte  was  detected  using  inductive  coupled  plasma- 
atomic  emission  spectrometry  (ICP-AES,  Optima  7300  DV,  Perkin 
Elmer  Corporation,  USA).  Electrochemical  measurements  were  per¬ 
formed  using  a  Battery  Testing  System  (BTS-3008W,  Neware,  Shenz¬ 
hen).  The  internal  DC  resistance  was  measured  with  current 
interruption  technique.  A  resistance  is  determined  based  on  a 


measurement  of  A  V/ A/  between  a  base  current  and  a  high  current  step. 
This  was  carried  out  by  cutting  off  the  current  (zero  current)  for  1  min 
before  charging  process  in  each  cycle,  and  collecting  the  changes  of 
voltage  (AV)  and  current  (A/)  before  and  after  this  interruption.  Thus, 
the  DC  resistance  are  calculated  as  Rdc  =  AV/AL  All  cells  were  over¬ 
charged  with  constant  current  (CC)  mode. 

3.  Results  and  discussion 

3.1.  Effect  of  voltage-control  on  UC0O2/CUO  composite  cathode 

The  characteristic  features  leading  to  this  study  are  revealed 
from  the  first  charge  voltage  profile  of  a  bare  CuO(Al  foil)/Li  cell 
(Fig.  la),  exhibiting  a  short  5  V  interval,  followed  by  a  drastic 
voltage-drop  and  a  long-time  low-voltage  plateau.  For  such  a 
voltage  curve,  Cu2+  ions  are  released  into  the  electrolyte  and  then 
reduced  into  Cu+  to  establish  an  important  durable  Cu2+/Cu+  redox 
shuttle,  which  will  be  detailed  later.  As  controlling  voltage- 
runaway  is  key  in  the  context  of  overcharge  protection,  such  a 
behavior  is  exciting.  Indeed,  the  usefulness  of  CuO  as  an  additive  is 
confirmed  by  the  overcharge  voltage  profile  of  a  (LiCo02  +  5%CuO )/ 
Li  cell,  revealing  similar  features  including  voltage-drop  and  long¬ 
time  low-voltage  plateau  (Fig.  lb).  For  comparison,  an  over¬ 
charged  LiCo02/Li  cell  initially  displays  an  identical  profile  before  it 


Fig.  1.  Overcharge  voltage  profiles:  a)  CuO(Al  foil)/Li  coin  cell  (0.3  mA  current),  b) 
LiCo02/Li  and  (LiCo02  +  5%CuO)/Li  coin  cell  (C/8  rate). 
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exceeds  5  V,  but  reaches  a  high-voltage  plateau  (5.2— 5.4  V)  which 
develops  into  an  abrupt  voltage-jump  to  7  V  (about  400%  state-of- 
charge  (SOC))  usually  with  further  drastic  consequences.  The  high- 
voltage  plateau  indicates  irreversible  decompositions  of  electrolyte 
and  cathode  [18].  Such  damages  are  obviously  inhibited  in  the 
(LiCo02  +  5%CuO)/Li  cell  because  the  long-time  low-voltage 
plateau  is  far  lower  than  the  decomposition  potential  of  the  elec¬ 
trolyte  [3].  Obviously,  the  UC0O2/CUO  composite  plays  a  highly 
beneficial  role  in  controlling  voltage-runaway  during  overcharge.  It 
should  be  mentioned  that  the  “5%CuO”  is  roughly  the  minimum 
CuO  content  that  shows  the  efficient  anti-overcharge  effect  without 
decreasing  too  much  the  specific  capacity  of  the  overall  electrode 
laminate. 


3.2.  Effect  of  anti- overcharge  on  LiCoO^CuO  composite  cathode 

To  obtain  a  more  detailed  insight  into  the  anti-overcharge  effect 
of  the  LiCo02/CuO  composite  cathode,  we  conduct  three  in-depth 
investigations  as  below. 

Firstly,  we  demonstrate  that  within  the  normal  voltage  window 
(2.8— 4.2  V),  a  (LiCo02  +  5%CuO)/Li  cell  operates  with  nearly  iden¬ 
tical  performance  as  a  LiCo02/Li  cell,  with  a  coulombic  efficiency  of 
around  99%  and  a  capacity  retention  of  94%  at  the  50th  cycle 
(Fig.  2a).  The  results  suggest  stability  and  compatibility  of  the 
cathode  component  CuO  against  LiCo02  cathodes  and  no  significant 
evidence  of  negative  effects  on  the  electrochemical  performance  is 
observed. 
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Fig.  2.  Electrochemical  characterization  comparisons  of  (UC0O2  +  5%CuO)/Li  and  UC0O2/U  coin  cells:  normal  cycling  capacity  and  coulombic  efficiency  comparisons  (2.8-4.2  V,  C/2 
current)  (a),  cycling  capacity  (b),  direct-current  (DC)  resistance  (c),  and  typical  charge/discharge  voltage  curves  (d)  before  and  after  the  overcharge.  The  cells  are  both  firstly  charged/ 
discharged  for  3  cycles  (2.8-4.2  V,  C/5)  and  then  overcharged  for  around  40  h  (C/8),  followed  by  a  continued  normal  cycling  (2.8-4.2  V,  C/5).  The  XRD  patterns  of  cathodes  (stripped 
from  Al  foil)  of  the  cells  in  (b)  are  also  given  in  (e).  “Fresh”  (lower  panel)  represents  the  cathode  discs  before  the  cell  assembling.  Upper  panel  represents  the  cathode  discs  at  the 
end-of-discharge  state  in  5th  cycle  after  overcharge  for  the  cells  in  (b). 


158 


J.-W.  Wen  et  al.  /  Journal  of  Power  Sources  264  (2014)  155-160 


Secondly,  we  investigate  the  difference  after  overcharge  in  the 
discharge  capacity  and  in  the  direct-current  (DC)  resistance  be¬ 
tween  the  two  cells  under  comparison  (Fig.  2b  and  c).  Before  over¬ 
charge,  they  display  comparable  discharge  capacities  (140  mA  h  g-1 ) 
and  DC  resistances  (15-20  Q).  After  overcharge,  the  (UC0O2  +  5% 
CuO)/Li  cell  still  maintains  considerable  capacity  (125  mA  h  g-1), 
perfect  columbic  efficiency  (99%),  stable  cyclability  and  low  DC 
resistance  (50-100  Q).  In  contrast,  the  LiCo02/Li  cell  after  over¬ 
charge  shows  almost  no  capacity  (0.2  mA  h  g-1)  and  quite  high  DC 
resistance  (2500-2900  Q)  owing  to  serious  irreversible  damages  to 
the  electrode  material  or  electrolyte.  In  addition,  the  typical  voltage 
profile  of  the  (UC0O2  +  5%CuO)/Li  cell  is  maintained  after  over¬ 
charge,  in  sharp  contrast  to  the  overcharged  LiCoC^/Li  cell  (Fig.  2d). 

XRD  measurements  (Fig.  2e)  on  cathodes  end-of-discharge  state 
(normal  5th  cycle  after  overcharge)  reveal  that  in  case  of  the 
cathode  of  the  (UC0O2  +  5%CuO)/Li  cell,  the  initial  UC0O2  phase  is 
recovered.  This  is  not  the  case  for  the  cathode  of  the  LiCo02/Li  cell 
here,  and  only  a  delithiated  composition  Lii  _  xCo02  (x  =  0.80- 
0.82)  is  obtained  here  [19  ,  which  is  consistent  with  the  above  ca¬ 
pacity  results.  Hence,  the  UC0O2/CUO  composite  can  definitely 
avoid  irreversible  damages  during  overcharge  and  maintain 
reversible  charge/discharge  performance  after  overcharge. 

Thirdly,  in  order  to  explore  the  mechanism  of  the  anti¬ 
overcharge  effect,  we  perform  pressure  measurements  of  a 
possible  gas  generation  from  electrolyte  decomposition  during 
overcharge  (Fig.  3).  Obviously,  the  (UC0O2  +  30%CuO)/Li  cell  as  well 
as  the  LiCo02/Li  cell  generates  negligibly  low  pressures  (1-2  kPa)  in 
the  initial  period.  However,  beyond  200%  SOC,  the  pressure  of  the 
LiCo02/Li  cell  starts  to  rise  and  then  rapidly  reaches  a  very  high 
value  (22.3  kPa),  while  the  pressure  of  (UC0O2  +  30%CuO)/Li  cell 
changes  very  slowly  to  a  value  (5  kPa)  that  is  not  exceeded  on 
further  charging  (Fig.  3a).  This  pressure  experiment  clearly  implies 
that  during  overcharge,  the  UC0O2IU  cell  suffers  from  serious 
electrolyte  decomposition  leading  to  significant  gas  generation, 
while  the  electrolyte  in  the  (LiCo02  +  30%CuO)/Li  cell  remains 
stable  as  decomposition  and  gas  generation  are  largely  inhibited 
owing  to  avoidance  of  voltage- runaway.  Note  that  here,  for  this 
type  of  pressure-container  cell,  (LiCo02  +  30%CuO)/Li  is  used 
instead  of  (UC0O2  +  5%CuO)/Li  because  no  obvious  voltage¬ 
controlling  feature  is  observed  in  the  (LiCo02  +  5%CuO)/Li  cell 
owing  to  the  low  function  concentration  resulting  from  more 
electrolytes  required  in  each  pressure-container  cell  set  (3  mL)  than 
coin  cell  (0.09  mL)  (detailed  later).  In  addition,  after  the  overcharge 
pressure  measurements,  the  electrolyte  collected  from  the 


disassembled  UC0O2IU  cell  appears  yellow  (possible  phosphorous 
products)  while  the  electrolyte  from  the  (LiCo02  +  30%CuO)/Li  cell 
has  maintained  its  initial  transparency  as  fresh  (Fig.  3b). 

3.3.  Analysis  of  the  anti- overcharge  mechanism 

For  a  more  comprehensive  understanding,  we  need  to  explore 
the  nature  of  the  short  5  V  plateau,  the  voltage-drop  and  the 
steady-state  low-voltage  plateau.  The  two  independent  plateaus 
actually  suggest  two  different  processes.  The  analysis  of  the  CuO(Al 
foil)/Li  cell  after  overcharge  shows  that  the  only  cathode  phase  is 
CuO  (Fig.  4a),  and  at  the  anode  Li  plate  (Fig.  4b  and  c)  we  observe  no 
other  elements  except  C,  O,  F,  P  together  with  Li  consisting  the  Solid 
Electrolyte  Interface  (SEI)  film.  But  we  detect  Cu  in  the  electrolyte, 
implying  that  CuO  partially  decomposed  at  5  V. 

For  the  short  plateau  at  5  V  (Figs,  la,  b  and  3a),  the  plausible 
reaction  mechanism  can  be  formulated  (similar  to  the  oxidation  of 
Li202  in  Li-02  battery  [20])  as 


Charge 


Cathode  : 

CuO 

->  Cu2+  +  0.5O2 1  +  2e 

(1) 

Charge 

Anode  : 

2Li+  +  2e 

- >  2  Li 

(2) 

The  calculated  standard  potential  for  reaction  (1)  (vs.  Li/Li+  in 
aqueous  solution)  is  around  4  V.  If  we  take  into  account  that  oxygen 
pressure  and  Cu2+  concentration  are  far  from  standard  conditions, 
that  we  refer  to  a  different  solvent  and  over-voltage  must  be  included, 
the  observed  5  V  plateau  can  be  affiliated  with  the  above  reaction.  The 
generated  Cu2+  ions  will  be  dissolved  in  the  electrolyte,  diffuse  to  the 
anode,  and  then  trigger  a  new  reaction  (Cu2+  reduction). 

As  far  as  the  voltage-drop  (BC  period  in  Fig.  lb)  and  the  subse¬ 
quent  low-voltage  plateau  (CD  period  in  Fig.  lb)  is  concerned,  the 
variation  of  the  electrolyte  volume  (with  electrode  distance  being 
kept  constant,  ~0.5  mm)  is  very  revealing  (Fig.  5).  The  character¬ 
istic  results  are  that  the  steady-state  low-voltage  strongly  depends 
on  the  electrolyte  volume,  while  the  width  of  the  high-voltage 
plateau  does  not  vary  much.  The  time  window  (Fig.  lb)  from  A  to 
B  (103  s  level)  well  conforms  with  the  time  required  for  Cu2+  to 
travel  from  cathode  to  anode  (if  a  typical  diffusion  coefficient  of 
10-6~10  7  cm2  s-1  is  taken).  At  the  anode  side  Cu2+  will  be 
reduced  but  we  did  not  observe  Cu-plating  probably  because  the 
SEI  impedes  Cu-nucleation  21,22]. 


Fig.  3.  Pressure  measurement  to  evaluate  gas  generation  during  overcharge  and  photographs  of  the  electrolytes  after  overcharge  for  the  (LiCo02  +  30%CuO)/Li  and  LiCo02/Li 
pressure-container  cells.  Note  that  here,  more  electrolytes  (3  mL)  are  required  in  each  pressure-container  cell  set  than  general  coin  cell  (0.09  mL),  thus,  (LiCo02  4-  30%CuO)/Li  but  not 
(LiCo02  +  5%CuO)/Li  is  utilized  to  maintain  an  efficient  function  concentration  of  Cu-ions  injected  into  electrolyte,  a)  Overcharge  pressure  and  voltage  profile  during  overcharge 
(0.8  mA).  b)  Photographs  of  the  electrolytes  collected  from  the  disassembled  cells  after  the  overcharge  in  (a). 
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Fig.  4.  Characterization  of  CuO(Al  foil)/Li  coin  cell  after  overcharge.  The  cell  is  over¬ 
charged  for  10  h  at  0.3  mA  (see  Fig.  la),  a)  XRD  patterns  comparison  of  cathode  discs 
(stripped  from  Al  foil)  between  the  overcharged  (upper  panel)  and  a  fresh  cathode 
electrode  (lower  panel).  The  fresh  electrode  represents  the  cathode  disc  before  the  cell 
assembling,  b)  XRD  patterns  of  anode  Li  foil  after  overcharge.  The  Li  foil  is  sealed  in 
plastic  sample-bag  to  prevent  oxidation,  c)  EDS  analyses  to  Li  foil  surface  after  over¬ 
charge.  C,  0,  F  and  P  elements  are  clearly  detected  but  Cu  element  (8  keV)  is  not 
detected.  In  addition,  ICP-AES  analysis  to  the  collected  DMC  soak  solution  shows  that  a 
few  of  Cu  element  is  detected  in  overcharged  electrolyte  of  the  cell. 

Hence,  we  conclude  that  Cu2+  is  reduced  into  Cu+  at  the  anode 
side.  Consequently,  the  Cu2+/Cu+  shuttle  reaction  can  be  consid¬ 
ered  to  be  a  reasonable  explanation  for  such  a  long-time  low- 
voltage  plateau  (even  10,000%  SOC  and  40,000%  SOC  in  Fig.  6), 
establishing  an  efficient  internal  safety-passage  consuming  current. 


Fig.  5.  Overcharge  voltage  profile  for  (LiCo02  +  5%CuO)/Li  cell  (around  C/2  rate)  with 
different  amount  of  electrolytes:  0.09  mL  and  0.22  mL  (coin  cells)  and  3  mL  (pressure- 
container  cell). 


At  the  cathode  side  we  now  refer,  instead  of  Eq.  (1),  to  the  redox 
process  Cu+  <-►  Cu2+  +  e~,  while  at  the  anode  side,  a  mixed  po¬ 
tential  develops  characterized  by  the  two  competing  processes 
Li+  +  e~  <-►  Li  (cf.  Eq.  (2))  and  Cu2+  +  e~  <-►  Cu+.  As  a  consequence 
we  refer  to  two  parallel  cell  reactions,  of  which  the  Cu2+/Cu+ 
shuttle  reaction  contributes  with  a  standard  potential  of  0  V  [12,15]. 
This  is  supported  by  the  following  three  observations  (See  Fig.  5): 
(i)  The  value  of  the  low- voltage  plateau  is  distinctly  reduced;  (ii) 
The  value  is  the  smaller  with  the  higher  Cu-ion  concentration 
(smaller  electrolyte  volume);  (iii)  The  low-voltage  stays  constant 
during  charging  owing  to  the  constant  Cu-ion  concentration  fixed 
by  high-voltage  prehistory  (amount  of  CuO  decomposed).  These 
results  clearly  confirm  that  the  low-voltage  plateau  roots  in  the 
electrolyte  and  is  Cu-ion  concentration  dependent,  typical  charac¬ 
teristic  of  a  redox  shuttle  [12,15]. 

Additionally,  the  Cu-ions  will  be  distinctly  solvated  owing  to  the 
interaction  of  Cun+-ions  with  the  highly  polar  C=0  groups  (empty 
7T*-antibonding  orbital)  of  aprotic  EC/DEC  electrolyte  solvents 
[23,24],  and  soft-base  EC/DEC  solvents  can  easily  solvate  the  soft- 
acid  Cu+  or  Cu2+  cations  according  to  the  Hard  and  Soft  Acids 
and  Bases  (HSAB)  theory  [25].  As  a  result,  Cu2+  or  Cu+  is  expected  to 
form  rather  stable  complexes  in  aprotic  EC/DEC  solvents,  enhancing 
the  difficulty  of  Cu-formation  here. 

These  findings  lead  to  the  following  consistent  scenario.  On 
overcharge  CuO  starts  decomposing  (Eq.  (1))  thus  preventing 
electrolyte  decomposition.  The  injected  Cu2+  ions  travel  towards 
the  anode  where  they  are  reduced.  Subsequently,  the  Cu2+/Cu+ 
redox  pair  acts  as  a  shuttle  maintaining  a  stable  and  safe  low- 
voltage.  In  this  way  not  only  serious  hazards  are  avoided  but  also 
the  cell-functions  remain  largely  intact. 

3.4.  The  application  of  the  solid-state  anti-overcharge  additive  in 
full  cells 

As  far  as  applied  electrochemistry  science  is  concerned,  the 
application  in  full  cells  of  this  strategy  makes  the  protection 
mechanism  particularly  relevant  for  Li-ion  batteries  revealing  po¬ 
tential  wide  extending  space.  First,  the  mechanism  featured  by  the 
voltage-drop  and  low-voltage  plateau  can  be  reasonably  extended 
to  practical  (LiCoC^  +  5%CuO)/graphite  cells  (Fig.  6a).  Also,  no  sig¬ 
nificant  negative  effect  to  the  normal  full-cell  performance  is 
observed,  when  CuO  is  added  into  LiCo02  cathode  (Fig.  6b).  Second, 
the  mechanism  and  its  effect  on  the  full  cells  can  also  be  extended 
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C/8, 33  days)  and  400  times  (40,000%  SOC,  C/6,  98  days)  of  the  cell- 
nominal-capacity  can  still  be  digested  in  the  (UC0O2  +  5%CuO )/ 
graphite  and  (LiMr^CU  +  5%CuO)/graphite  cell,  respectively,  even 
during  a  long-time  (month-level)  overcharge. 

In  addition  to  CuO,  our  ongoing  work  shows  that  some  other 
transition-metal  oxides  display  similar  voltage-controlling  features 
and  can  also  provide  protection  in  other  voltage  ranges,  offering 
far-reaching  possibilities  for  individually  selecting  appropriate 
solid-state  additive  for  a  specific  cell  system. 

4.  Conclusions 

We  propose  and  confirm  a  fresh  safety  strategy,  i.e.  solid-state 
anti-overcharge  additives,  for  high  performance  LIBs  by  using 
composite  cathodes  with  built-in  redox  overcharge  protection.  This 
strategy  may  open  a  new  window  to  develop  safer  LIBs  systems. 


Fig.  6.  Extending  of  the  novel  anti-overcharge  strategy  in  full  cells,  a)  Overcharge 
voltage  profile  for  a  (LiCo02  +  5%CuO)/graphite  coin  cell  (C/8),  b)  Normal  cycling 
comparison  between  LiCo02/graphite  and  (LiCo02  +  5%CuO)/graphite  coin  cells  (2.8- 
4.2  V,  C/2),  c)  Overcharge  voltage  profile  for  a  (LiMn204  +  5%CuO)/graphite  coin  cell  (C/ 
6).  Inset  in  (a)  and  (c):  Enlargement  of  dotted  area.  Some  abrupt  voltage-jump  points  in 
(c)  (box  marked)  are  possibly  due  to  power  interruption. 

to  the  other  popular  cathode  materials  working  below  5  V 
(LiMn204,  LiFeP04,  etc).  As  an  example,  Fig.  6c  demonstrates  the 
characteristic  voltage-controlling  effect  also  for  overcharged 
(LiMn204  +  5%CuO)/graphite  cells.  It  is  important  to  note  that 
overcharges  corresponding  to  more  than  100  times  (10,000%  SOC, 
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